Abstract:For concrete structures a primary driver of deterioration shortening their lifespans is the damage growth resulting from coupled chemo-mechanical attack. Under sustained service load coupled with corrosion, stress corrosion cracking will happen and lead to subcritical crack growth (SCG) in concrete members. In this study, the kinetics of crack growth in cement paste under concurrent mechanical and chemical attacks will be investigated experimentally. To obtain the complete crack velocity versus stress intensity factor (K-v) curve, tests will be designed for experimental characterization to track the subcritical crack growth. In the test the specimens, which are immersed in a corrosive solution of high concentration, will be subject to sustained loading. To record the crack propagation as well as strain/stress distribution around crack tip, a high-resolution microscopic system and a non-contact digital image correlation (DIC) system will be used to scan the specimen surface. The recorded (K-v) curves show that the proposed specimens, which are of a negative geometry, are capable of capturing the subcritical crack growth by using load control, and thus provide a novel alternative for characterizing the stress corrosion cracking in cementitious materials.
INTRODUCTION
Deterioration in concrete can be caused by many physical and chemical processes, which include creep and shrinkage, carbonation, calcium leaching, acid attack, free-thaw damage, weathering process and etc. Sustained loading can cause static fatigue and lead to the deterioration of concrete, even when the applied load is far less than the static strength of concrete. If coupled with corrosion, the static fatigue will turn into stress corrosion, which will lead to the subcritical crack growth (SCG) in concrete members under a further lower load. The growth of the subcritical cracks will degrade the concrete and when the crack length reaches certain critical values, the concrete integrity will be severely impaired.
SCG has been extensively investigated [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [16] [17] [18] [19] by recording the complete crack velocity versus stress intensity factor (K-v) curves. Among these studies, double-torsion (DT) test is popularly used. Since the stress intensity factor K is proportional to the external load P but independent of the crack length a in the DT test, a complete K-v curve cannot be attained by using constant loading. To overcome this problem, a constant displacement is applied on the DT specimen to take advantage of the stress relaxation, which leads to varied load P and crack velocity. To achieve constant displacement and monitor the associated stress relaxation, sophisticated equipment (e.g., high-accuracy LVDT, load cell, and controller) is needed in the DT test to control the displacement as well as to record the force change during crack propagation [4] .
Due to the heterogeneity and age sensitivity of concrete, it is essential to test multiple similar specimens from the same batch concurrently to capture the subcritical crack growth and its associated scatter. This imposes a great financial burden on the DT tests because a number of LVDTs, load cells and controllers are needed. Another challenge in the DT test is the inelastic displacement caused by creep and shrinkage, which must be identified when one calculates K based on the recorded force history P(t).
To overcome these obstacles, this study is aimed at finding an alternative, which is capable of capturing subcritical crack growth by using load control. Thus, the sophisticated displacement-control test equipment in the DT test is no longer needed. Here a comprehensive investigation of the SCG is carried out for the hardened cement paste specimens under both sustained loading and calcium leaching condition.
DESIGN OF A NOVEL TEST

Design of Specimen
To use load control, a novel test based on the concept of negative geometry will be proposed. In linear elastic fracture mechanics (LEFM), a crack subject to increasing force can propagate stably only in specimens of negative geometry (i.e., K decreases with crack length a). This means if specimens of negative geometry are used, complete K-v curves may be attained under a constant load.
In view of this, a trapezoid plate shown in Fig. 1a is investigated [15] . An empirical formula to calculate the Mode I stress intensity factor at the crack tip of this 2D specimen is given in Eq. 1, where m, d, h and h a are shown in Fig. 1 , and f(m) is the geometry correction factor. ( )
Based on Eq. 1, the relationship between K I and relative crack length α = a/L (L is the total length of specimen in x direction) for specimens of different slopes m are shown in Figure 1b . When the slope m is equal or larger than 0.5, the stress intensity factor K I decreases with crack length a after α reaches 0.4. This implies the trapezoidal plate turns to negative geometry. Thus, stable crack propagation under a constant load can be achieved in specimens with slopes m greater than 0.5 by adjusting the initial notch length. In this study, a trapezoidal specimen of m = 0.6, d = 20 mm, and L = 100 mm is selected (Fig. 2 ) and the dependence of K I on crack length is calculated in ABAQUS based on the boundary conditions used in test.
Material and specimen preparation
In order to eliminate the disturbance induced by the interfaces between coarse aggregates and cement paste, pure cement paste is used in this experiment to cast the trapezoid specimens. Two water-cement ratios, namely 0.35 and 0.40, are used in two mix designs respectively. For each mix design, 9 trapezoidal plates and 2 standard cylinders will be cast. A guiding groove is prefabricated in the middle of the plate and the subcritical crack is expected to grow along it. 
Testing under Constant Load
The mechanical properties of each mix are shown in Table 1 . To eliminate the effect of shrinkage, all the specimens will be immersed in water. The constant load is applied by hanging equal-weight steel blocks on both sides of the notch (Fig. 3) . Among the 9 specimens of each batch, 6 plates are immersed in an ammonium nitrate solution (NH 4 NO 3 ) of 10% concentration, which will accelerate the calcium leaching process; while the remaining 3 plates are loaded in water to service as a control group of static fatigue. For specimens in the NH 4 NO 3 solution, their surface is painted with an anticorrosion epoxy. Thus, the corrosive agents can only penetrate into the specimens through the crack surface. The selected loads for each group are given in Table 2 .
During test, the location of crack tip is determined through a high-resolution microscopic system. The crack velocity can be expressed as an averaged value based on the length difference between two subsequent measurements and the duration. 
TEST RESULTS
A total of 12 trapezoid specimens from two batches of cement paste (6 from each batch) were subjected to the stress corrosion test simultaneously; while 6 plates are under static fatigue in water. The subcritical crack growth in each specimen is tracked and corresponding K-v curve is obtained. Fig. 4 shows the K-v curves obtained in specimens loaded in water.
In log-log scale, the K-v curves are almost straight lines for the plates under static fatigue. For specimens of w/c = 0.35, they display a steeper slope than those of w/c = 0.40. This indicates that the threshold stress intensity factor K 0 for static fatigue decrease with the increase of water-cement ratio.
For specimens loaded in NH 4 NO 3 solution, three distinctive regions (I, II and III) appear in their K-v curves due to the chemomechanical coupling (Fig. 5) . In region III, the K-v curve shows a slope steeper than those of region II and region I for both water-cement ratios. In region II, the slope of the K-v curve is almost flat, which indicates that crack velocity is almost independent of the stress intensity factor K I . Thus, in this region, the crack velocity is mainly affected by the transport of reactive species from surrounding environment to the crack tip. In region I, the slope of K-v curve becomes stepper again, but is less than that of region III. This means in this region, crack propagation is controlled by both the environment assisted deterioration and the mechanical behavior of material. Based on the results of the K-v curves obtained in the test, the values of the critical fracture toughness K Ic and the threshold stress intensity factor K 0 can be predicted. It is found that with the increase of water-cement ratio, both K Ic and K 0 decrease (Table 3) . To correlate the crack tip identified by the microscope system on the specimen surface with the crack propagation beneath concrete surface, two specimens with different crack length are scanned by a 3D CT-scan system. The resolution of the CT-scan system is up to 11.62 μm, sufficient for identifying mesocracks in the cement paste. Comparing the crack tips found by the 3D CT-scan with the ones obtained by the high-resolution microscope system, the difference is negligible, only about 1.13% and 0.27% of the crack length, respectively. Thus, the accuracy of crack tip detection is confirmed. 
Degree of corrosion
The pH value of cement paste is about 13. For specimens attacked by NH 4 NO 3 solution, calcium leaching is accelerated and the cement paste around the crack tip is weakened. The degree of corrosion in the specimens is assessed using a solution of phenolphthalein indicator that appears colorless at pH levels lower than 9 and magenta in contact with alkaline cement paste with pH values greater than 9.
The phenolphthalein test to examine the degree of corrosion is carried out on stages when the slope of the K-v curve starts to change from one region to another (Fig. 7) . For instance, stage 1 occurs at the end of region III and the beginning of region II. At this stage, one specimen from each corrosion group is sacrificed. The Corroded area appears colorless while non-affected area shows magenta. By measuring the length of corroded area at different stages on each specimen, the degree of corrosion can be quantitatively evaluated. 
CONCLUSIONS AND FUTURE PERSPECTIVES
A novel test is designed to investigate SCG in cement paste specimen under coupled chemo-mechanical attack. This method has a significant advantage of obtaining real-time values of the stress intensity factor and the crack velocity through constant loading. Complete K-v curves are obtained in the tests. Compared with the popular DT test, this method uses simple loading instruments and can test several specimens from the same batch of cement paste simultaneously. The significant differences of K-v curves from different groups are captured: an oblique line for static fatigue and three distinctive regions for stress corrosion, which indicate the coupled influences of chemical and mechanical effect.
